Hypoxia stimulates pulmonary hypertension (PH), in part by increasing the proliferation of human pulmonary artery smooth muscle cells (HPASMCs) via sustained activation of mitogen-activated protein kinase, extracellular signal-regulated kinases 1 and 2 (ERK 1/2), and nuclear factor-kappa B (NF-κB); elevated expression of NADPH oxidase 4 (Nox4); and downregulation of peroxisome proliferatoractivated receptor gamma (PPARγ) levels. However, the upstream mediators that control these responses remain largely unknown. We hypothesized that proline-rich tyrosine kinase 2 (Pyk2) plays a critical role in the mechanism of hypoxia-induced HPASMC proliferation. To test this hypothesis, HPASMCs were exposed to normoxia or hypoxia (1% O 2 ) for 72 hours. Hypoxia activated Pyk2 (detected as Tyr402 phosphorylation), and inhibition of Pyk2 with small interfering RNA (siRNA) or tyrphostin A9 attenuated hypoxia-induced HPASMC proliferation. Pyk2 inhibition attenuated ERK 1/2 activation as early as 24 hours after the onset of hypoxia, suggesting a proximal role for Pyk2 in this response. Pyk2 inhibition also attenuated hypoxia-induced NF-κB activation, reduced HPASMC PPARγ messenger RNA levels and activity, and increased NF-κB-mediated Nox4 levels. The siRNA-mediated PPARγ knockdown enhanced Pyk2 activation, whereas PPARγ overexpression reduced Pyk2 activation in HPASMCs, confirming a reciprocal relationship between Pyk2 and PPARγ. Pyk2 depletion also attenuated hypoxia-induced NF-κB p65 activation and reduced PPARγ protein levels in human pulmonary artery endothelial cells. These in vitro findings suggest that Pyk2 plays a central role in the proliferative phenotype of pulmonary vascular wall cells under hypoxic conditions. Coupled with recent reports that hypoxia-induced PH is attenuated in Pyk2 knockout mice, these findings suggest that Pyk2 may represent a novel therapeutic target in PH.
Pulmonary hypertension (PH) is characterized by increases in pulmonary artery pressure and pulmonary vascular resistance that cause significant morbidity and mortality. 1 Mounting evidence suggests that a nuclear hormone transcription factor, peroxisome proliferator-activated receptor gamma (PPARγ), participates in maintenance of normal pulmonary vascular function. For example, PPARγ expression is reduced in the lungs of rodents with hypoxiainduced PH, 2, 3 in the vascular lesions of patients with idiopathic pulmonary arterial hypertension (IPAH), in the lungs of rats with severe PH, 4 and in pulmonary artery endothelial cells isolated from IPAH patients. 5 Furthermore, targeted and constitutive genetic ablation of PPARγ from endothelial 6 or vascular smooth muscle cells 7 stimulates the development of spontaneous PH in mice under normoxic conditions. On the other hand, exogenous activation of PPARγ with synthetic thiazolidinedione ligands attenuates PH and pulmonary vascular remodeling in several experimental models of PH. 2, 3, [8] [9] [10] Taken together, these reports suggest that reductions in PPARγ contribute to PH pathogenesis and that activation of PPARγ attenuates pulmonary vascular dysfunction and PH.
Hypoxia reduces both PPARγ expression and PPARγ activity through oxidative-stress signals and increases in NADPH oxidase 4 (Nox4) expression in the pulmonary vasculature. 3, 11 Nox4-derived H 2 O 2 reduces PPARγ expression and activity in pulmonary artery smooth muscle cells (PASMCs) 12 and similarly reduces PPARγ in endothelial cells in vitro. 13 Hypoxia activates mitogen-activated protein kinases (MAP kinases) that regulate PPARγ transcriptional activity and the proinflammatory transcription factor NF-κB (nuclear factor-kappa B). 14, 15 Hypoxia increases Nox4 expression in human PASMCs (HPASMCs) by inducing NF-κB p65 binding to the Nox4 promoter. 16 We recently demonstrated that hypoxia induces extracellular signal-regulated kinase (ERK)-mediated-NF-κB activation, Nox4 expression, H 2 O 2 generation, and PPARγ down-regulation in HPASMCs and that Nox4-derived H 2 O 2 is in turn required for ERK 1/2 activation, suggesting the existence of cyclic signaling cascades underlying chronic hypoxia-induced derangements in pulmonary vascular wall cells. 12 Although these studies clarify mechanisms involved in hypoxia-induced reductions in PPARγ expression, the early events upstream of ERK 1/2 activation attributable to PPARγ downregulation are not well defined.
Emerging evidence suggests that proline-rich tyrosine kinase 2 (Pyk2), a Ca 2+ -dependent, nonreceptor tyrosine kinase (and a member of the focal adhesion kinase [FAK] family), plays a crucial upstream role in vascular dysfunction associated with acute and chronic inflammatory diseases. For example, in models of sepsis and intravascular injury, Pyk2 promotes endothelial dysfunction by activating p38 MAP kinase and NF-κB. 17, 18 In systemic hypertension caused by angiotensin II, Pyk2 activates ERK 1/2 and upregulates cell cycle proteins to promote proliferation of vascular smooth muscle cells. 19 Pyk2 phosphorylation promotes hypoxia-induced metalloproteinase 9 activation and human vascular smooth muscle cell migration. 20 The role of Pyk2 in PH pathobiology has not been extensively examined. A recent study demonstrated that Pyk2 participates in hypoxia-induced HIF-1α (hypoxia-inducible factor 1α) expression and pulmonary vascular wall cell proliferation; 21 however, the precise role of Pyk2 in PH pathogenesis remains to be defined.
Our study, therefore, examines the role of Pyk2 in hypoxic signaling cascades that contribute to pulmonary vascular cell proliferation and vascular remodeling. Our findings demonstrate that Pyk2 plays a proximal and critical upstream role in hypoxia-induced HPASMC proliferation by activating the ERK1/2-NF-κB-Nox4 signaling axis and downregulating PPARγ. Our findings also provide novel evidence that loss of PPARγ promotes Pyk2 activation in HPASMCs. Taken together with previous reports, these findings emphasize the importance of Pyk2 in pulmonary vascular cell biology and PH pathogenesis. Strategies that target suppression of these pathways may preserve PPARγ function in the pulmonary vascular wall and may provide a novel therapeutic strategy for PH.
METHODS

Reagents
The Pyk2 inhibitor tyrphostin A9 (TA9) was purchased from Calbiochem (La Jolla, CA). Antibodies against phospho-(Tyr402)-Pyk2 and total Pyk2 were purchased from Abcam (Cambridge, MA). Antibodies against phospho-(Thr202/Tyr204)-ERK 1/2, total ERK 1/2, and phospho-(Ser536)-NF-κB were purchased from Cell Signaling Technology (Beverly, MA). Antibodies against PPARγ, total NF-κB, and Nox4 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and Abcam. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) antibodies were purchased from Sigma-Aldrich (St. Louis, MO). All other materials were purchased from VWR Scientific (Gaithersburg, MD) or Fisher Scientific (Pittsburgh, PA).
Cell culture and small interfering RNA (siRNA) transfections
HPASMCs or human pulmonary artery endothelial cells (HPAECs) were purchased from Lonza (Basel, Switzerland). HPASMC mono-layers (passages 3-4) were grown at 37°C in a 5% CO 2 atmosphere in culture media (SmGM-2, Lonza) containing 2% fetal calf serum, growth factors, and antibiotics, as previously reported. 12 In separate experiments, HPAEC monolayers were grown in EGM-2 media (Lonza). Upon reaching 50%-60% confluency, the cells were transfected with 50 nM nontargeting siRNA (control siRNA) or siRNA targeting human Pyk2 using Dharmafect transfection reagent (Dharmacon, Waltham, MA) for 12 hours. Cells were then washed with serum-free media and recovered for 12 hours in complete growth media before being exposed to normoxia (21% O 2 , 5% CO 2 ) or hypoxia (1% O 2 , 5% CO 2 ) for 72 hours. In separate experiments, HPASMCs were transfected with siRNA targeting human PPARγ for 72 hours under normoxic conditions, as described previously, 22 and analyzed for Pyk2 activation.
Reporter gene assays
Confluent HPASMCs were transfected for 3 hours with PPREx3-TK-Luc plasmid containing 3 consensus PPARγ binding sites upstream of the firefly luciferase gene or with NF-κB-Luc plasmid containing 5 consensus NF-κB binding sites upstream of the firefly luciferase gene; lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) was used, as described previously. 12 Transfection efficiencies were normalized by cotransfecting with renilla luciferase plasmid (0.1 μg/mL) in which the renilla luciferase gene is under the control of the constitutively active thymidine kinase promoter. After incubation with smooth muscle cell growth media for 12 hours, cells were exposed to hypoxia or normoxia for 72 hours and lysed with 300 μL of passive lysis buffer, and the lysates were analyzed for PPARγ or NF-κB luciferase activity. Transfected cells were treated with dimethyl sulfoxide (DMSO) or TA9 during the final 24 hours of the 72-hour normoxia or hypoxia exposure to assess the effect of Pyk2 inhibition on PPARγ or NF-κB luciferase activity.
Overexpression of PPARγ in HPASMCs
To ascertain the impact of PPARγ gain of function on selected signaling pathways, HPASMC monolayers were grown at 37°C in a 5% CO 2 atmosphere in culture media (SmGM-2, Lonza) containing 5% fetal calf serum, growth factors, and antibiotics. Cells were incubated for 4 hours in 2% fetal bovine serum media with adenoviruses containing either human PPARγ (Ad-hPPARγ; multiplicity of infection [MOI] = 28) or green fluorescent protein (Ad-GFP; Vector Biolabs, Philadelphia, PA; MOI = 3). Media were then replaced with fresh SmGM-2 media, and HPASMCs were cultured for 72 hours.
Cell proliferation assays
HPASMC proliferation was determined with a quantitative colorimetric assay employing dimethylthiazol (MTT assay; ATCC), as described previously. 12 Briefly, cells were incubated with MTT reagent for 4 hours. The mitochondrial reductase present in living cells reduces MTT to purple formazan, which is detected by spectrophotometry (optical density = 570 nm), and values from treated cells were normalized to values from corresponding control cells. Cell proliferation was also determined with a bromodeoxyuridine (BrdU) cell proliferation assay kit (EMD Millipore, Bellerica, MA) following the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (PCR)
Total RNA was isolated with an RNeasy Mini Kit (Qiagen, Valencia, CA), and RNA was quantified by Nanodrop spectrophotometry (Thermo Scientific, Wilmington, DE). The complementary DNA (cDNA) was prepared with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR was performed to assess the expression level of PPARγ1 RNA, using primers based on human PPARγ1 messenger RNA (mRNA) sequences: forward: 5′-GTGGC CGCA GATTTG AAAGA AG-3′; reverse: 5′-TGTCA ACCAT GGTCA TTTCG-3′. Real-time PCR was performed with SYBR Green realtime PCR mastermixes (Invitrogen) and a 7500 real-time PCR system (Applied Biosystems, Carlsbad, CA). Amplicon expression in each sample was normalized to 9s RNA levels. The relative abundance of target mRNA in each sample was calculated with ΔΔCT methods (Applied Biosystems).
Preparation of nuclear extracts
HPASMC nuclear extracts were prepared as described previously. 18 Briefly, cells were washed twice with ice-cold phosphate-buffered saline and resuspended in 400 μL of buffer A (10 mM KCl, 0.1 mM EDTA [ethylene diamine tetraacetic acid], 10 mM HEPES [pH 7.9], 1 mM DTT [dithiothreitol], 0.1 mM EGTA [ethylene glycol tetraacetic acid], and 0.5 mM PMSF [phenylmethylsulfonyl fluoride]). After 20 minutes, Nonidet P-40 was added to a final concentration of 0.6%. Samples were centrifuged to collect the cytosolic extract. The pellets obtained were resuspended in 100 μL of buffer B (0.4 M NaCl, 1 mM EDTA, 20 mM HEPES [pH 7.9], 1 mM DTT, 1 mM EGTA, and 1 mM PMSF) and homogenized with a mortar-driven pestle. After 30 minutes of incubation on ice, lysates were centrifuged, and supernatants containing the nuclear proteins were transferred to new vials. The protein concentration of the nuclear extract was determined by the bicinchoninic acid protein assay method, and the nuclear extracts were analyzed by Western blot for NF-κB nuclear translocation.
Western blot analysis
HPASMC protein lysates (30-40 μg/sample) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis; subjected to Western blot analysis for phospho-ERK 1/2, phospho-NF-κB/ p65, and phospho-Pyk2; and normalized to their respective total forms (nonphosphorylated). Western blots for PPARγ or Nox4 were normalized to GAPDH. Relative levels of immunoreactive proteins were quantified with the Licor or Image J software system.
Statistical analysis
When more than two groups were compared, data were analyzed with analysis of variance (ANOVA). Post hoc analysis using the Student-Neuman-Keuls test was employed to detect differences between individual groups. In studies comparing only two experimental groups, data were analyzed with the Student t test to de-termine significance of treatment effects. The level of statistical significance was taken as P < 0.05.
RESULTS
Activation of Pyk2 is required for hypoxia-induced HPASMC proliferation
To determine whether chronic hypoxia induces Pyk2 activation in HPASMCs, cells were exposed to normoxia (21% O 2 ) or hypoxia (1% O 2 ) for 72 hours, and lysates were analyzed by immunoblotting to determine Pyk2 activation. As illustrated in Figure 1A , hypoxia stimulated HPASMC Pyk2 activation, as determined by its phosphorylation at Tyr402 without altering overall Pyk2 protein levels. The effect of Pyk2 inhibition on hypoxia-induced HPASMC proliferation was next determined by treating cells with graded concentrations of the Pyk2 inhibitor TA9 17, 18 during the final 24 hours of the 72-hour exposure to normoxia or hypoxia. TA9 caused dose-dependent inhibition of hypoxia-induced cell proliferation, as determined by MTT assay (Fig. 1B ). Because treatment with 0.1-μM TA9 was sufficient to inhibit hypoxia-induced HPASMC cell proliferation ( Fig. 1B) , this lower concentration of TA9 was employed in all subsequent studies examining Pyk2 inhibition. The role of Pyk2 in hypoxic HPASMC proliferation was further confirmed by transfecting HPASMCs with siRNA targeting human Pyk2. Depletion of Pyk2 caused significant reductions in hypoxiainduced HPASMC proliferation, as detected by MTT assay (Fig. 1C ). To ensure that Pyk2 depletion had no nonspecific effects on the expression of other kinases in the same family, Pyk2-depleted cell lysates were immunoblotted for FAK in a separate experiment, and Pyk2 siRNA had no effect on FAK protein levels (representative immunoblot in Fig. 1C ). These findings suggest that reductions in cell proliferation were specific to Pyk2 depletion. The ability of Pyk2 depletion to attenuate hypoxia-induced HPASMC proliferation detected by MTT assay was also confirmed in parallel studies that examined HPASMC proliferation by BrdU assay (Fig. 1D ).
Pyk2 inhibition attenuates hypoxia-induced HPASMC ERK 1/2 activation and NF-κB nuclear translocation
We previously reported that hypoxia activates HPASMC ERK 1/2 upstream of NF-κB activation. 12 To determine whether Pyk2 serves as an early upstream activator of ERK 1/2, HPASMCs were pretreated with the Pyk2 inhibitor TA9 or an equivalent volume of DMSO vehicle for 1 hour and then for the duration of exposure to normoxic or hypoxic conditions for 24 hours. Cell lysates were immunoblotted with an anti-phospho-(Thr202/Tyr204)-ERK 1/2 antibody to determine ERK 1/2 activation. Pyk2 inhibition significantly attenuated hypoxia-induced ERK 1/2 activation in HPASMCs ( Fig. 2A) . Because our previous studies demonstrated that NF-κB activation and nuclear translocation were downstream consequences of hypoxiainduced ERK 1/2 activation, 12 we examined the impact of Pyk2 inhibition on HPASMC NF-κB activation. During the final 24 hours of 72-hour exposure to normoxia or hypoxia, cells were treated with TA9 or DMSO. Nuclear extracts were prepared and immunoblotted with an anti-NF-κB p65 antibody. The nuclear protein fibrillarin was used as a loading control. Pyk2 inhibition with TA9 attenuated hypoxia-induced NF-κB nuclear translocation, suggesting that Pyk2 activation is required for both hypoxia-induced ERK 1/2 and NF-κB activation in HPASMCs (Fig. 2B ). Similar to nuclear extracts, cytoplasmic extracts also revealed elevated levels of NF-κBp65 under hypoxia (data not shown), which is consistent with hypoxia-induced increases in total p65 levels, as we previously demonstrated. 12 However, we focused only on nuclear NF-κB levels, since this fraction is most relevant to transcriptional activation.
To further confirm the effects of Pyk2 inhibition on NF-κB transcriptional activity, HPASMCs were transfected with NF-κB luciferase and renilla luciferase plasmids and exposed to normoxia or hypoxia for 72 hours. Cells were treated with TA9 or DMSO during the final 24 hours of normoxia or hypoxia exposure. Passive cell lysates were analyzed for NF-κB luciferase activity. These studies confirmed that Pyk2 inhibition with TA9 attenuated hypoxiainduced NF-κB transcriptional activity (Fig. 3A) . Furthermore, inhibiting Pyk2 with siRNA attenuated hypoxia-induced expression of the NF-κB target gene, Nox4, in HPASMCs (Fig. 3B ).
Inhibition of Pyk2 attenuates hypoxia-induced reductions in PPARγ expression levels and activity in HPASMCs
Because our previous report demonstrated that hypoxia-induced activation of the ERK 1/2-NF-κB-Nox4 pathway was required for Figure 1 . Proline-rich tyrosine kinase 2 (Pyk2) activation is required for hypoxia-induced human pulmonary artery smooth muscle cell (HPASMC) proliferation. A, HPASMCs were exposed to normoxia or hypoxia (1% O 2 ) for 72 hours. Cell lysates were immunoblotted with anti-phospho-(Tyr402)-Pyk2 antibody to determine Pyk2 activation. Each bar represents mean ± SEM phospho-Pyk2 levels relative to total Pyk2 in the same sample, expressed as fold change versus control; n = 6. * P < 0.05. Representative immunoblots are shown above the bar graph. B, HPASMCs were exposed to normoxia or hypoxia for 72 hours. During the final 24 hours of this exposure, HPASMCs were treated with the Pyk2 inhibitor tyrphostin A9 (TA9) or dimethyl sulfoxide (DMSO; i.e., TA9 = 0) vehicle as indicated. Cell proliferation was determined by MTT (dimethylthiazol) assay. Each bar represents mean ± SEM cell proliferation, expressed as fold change versus control; n = 4. *** P < 0.001 versus normoxia + DMSO. ### P < 0.001 versus hypoxia + DMSO. C, D, HPASMCs were transfected with 50 nM control small interfering RNA (si-Con) or Pyk2 siRNA (si-Pyk2) and exposed to normoxia or hypoxia for 72 hours. Cell proliferation was determined by MTT assay (C) and confirmed by bromodeoxyuridine (BrdU) incorporation assay (D). Each bar represents mean ± SEM cell proliferation, expressed as fold change versus control; n = 4-6. *** P < 0.001 versus normoxia + si-Con. ### P < 0.001 versus hypoxia + si-Con. A representative immunoblot is presented below C, demonstrating the effectiveness and specificity of siRNA-mediated Pyk2 knockdown. FAK: focal adhesion kinase. Figure 2 . Hypoxia-induced proline-rich tyrosine kinase 2 (Pyk2) activation is required for extracellular signal-regulated kinase (ERK) 1/2 activation and nuclear factor-kappa B (NF-κB) nuclear translocation in human pulmonary artery smooth muscle cells (HPASMCs). A, HPASMCs were pretreated with tyrphostin A9 (TA9) or vehicle before exposure to normoxia (Norm) or hypoxia (Hypox) for 24 hours. Cell lysates were immunoblotted with an anti-phospho-(Thr202/Tyr204)-ERK 1/2 antibody to determine ERK 1/2 activation and normalized with total ERK 1/2. Each bar represents mean ± SEM phospho-ERK/total ERK, expressed as fold change versus control; n = 4. B, HPASMCs were exposed to hypoxia or normoxia for 72 hours and treated with TA9 during the final 24 hours of exposure. Nuclear extracts were immunoblotted for NF-κB p65 and normalized to the nuclear marker fibrillarin. Each bar represents mean ± SEM p65/fibrillarin expressed as fold change versus control; n = 4. In both panels, * P < 0.05 versus normoxia + TA9, and # P < 0.05 versus hypoxia + TA9. hypoxic reductions in HPASMC PPARγ, 12 the role of Pyk2 activation in hypoxia-induced reductions in PPARγ was determined. Selected HPASMCs were treated with TA9 during the final 24 hours of 72-hour exposure to normoxia or hypoxia, and RNA was isolated. Analysis of PPARγ mRNA levels demonstrated that Pyk2 inhibition attenuated hypoxia-induced reductions in PPARγ mRNA levels (Fig. 4A ). To confirm these observations, PPARγ activity was measured in HPASMCs transfected with PPRE x3-TK-luciferase and renilla luciferase plasmids and exposed to normoxia or hypoxia for 72 hours with or without TA9 treatment during the final 24 hours of exposure. Hypoxia caused significant reductions in PPARγ transcriptional activity, which were attenuated by Pyk2 inhibition (Fig. 4B ).
PPARγ negatively regulates Pyk2 in HPASMCs
To better define the relationship between PPARγ and Pyk2 activation, HPASMCs were transfected with control or PPARγ siRNA for 72 hours to reduce PPARγ levels to a degree comparable to that observed under hypoxic conditions. 12 Alternatively, PPARγ was overexpressed in HPASMCs by means of an adenoviral construct. As illustrated in Figure 5 , PPARγ knockdown stimulated Pyk2 activation (Fig. 5A) , whereas PPARγ overexpression attenuated Pyk2 activation (Fig. 5B) . These results provide novel evidence for a reciprocal relationship between Pyk2 and PPARγ activities.
Pyk2 promotes hypoxia-induced NF-κB activation and reduction in PPARγ protein levels in HPAECs
Given that hypoxia-induced NF-κB activation and PPARγ downregulation have also been described in HPAECs, 23, 24 we sought to further explore the role of Pyk2 in hypoxic signaling in HPAECs. HPAECs were transfected with control siRNA or Pyk2 siRNA and exposed to normoxia or hypoxia for 72 hours. Cell lysates were immunoblotted with an anti-phospho-(Ser536)-p65 antibody to determine NF-κB transcriptional capacity or with PPARγ antibody to determine total PPARγ levels. Similar to the effect in HPASMCs, Pyk2 knockdown significantly attenuated hypoxia-induced NF-κB activation and reductions in PPARγ protein levels in HPAECs (Fig. 6A,  6B ).
DISCUSSION
The pathogenesis of PH is complex and characterized in part by proliferation of pulmonary vascular wall cells that lead to pulmonary vascular remodeling and increases in pulmonary vascular resistance. In an attempt to better understand mechanisms of pul- Figure 3 . Hypoxia-induced proline-rich tyrosine kinase 2 (Pyk2) activation mediates nuclear factor-kappa B (NF-κB) transcriptional activity and NADPH oxidase 4 (Nox4) protein expression in human pulmonary artery smooth muscle cells (HPASMCs). A, HPASMCs were transfected with firefly luciferase vector containing 5 consensus NF-κB binding sites, along with a renilla luciferase vector to normalize for transfection efficiency. Cells were exposed to hypoxia or normoxia for 72 hours and treated with tyrphostin A9 (TA9) or vehicle during the final 24 hours of exposure. Cell lysates were prepared and analyzed for firefly luciferase activity. Each bar represents mean ± SEM firefly luciferase activity/renilla luciferase activity, expressed as fold change versus control; n = 4. * P < 0.05 versus normoxia + TA9. # P < 0.05 versus hypoxia + TA9. B, HPASMCs were transfected with 50 nM control siRNA (Con) or Pyk2 siRNA (Pyk2) and exposed to normoxia or hypoxia for 72 hours. Cell lysates were immunoblotted with an anti-Nox4 antibody. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) levels were used for normalization. Each bar represents mean ± SEM Nox4/GAPDH levels, expressed as fold change versus control; n = 3. ** P < 0.01 versus normoxia + Con. ## P < 0.01 versus hypoxia + Con. siRNA: small interfering RNA. Figure 4 . Hypoxia-induced proline-rich tyrosine kinase 2 (Pyk2) activation promotes reductions in peroxisome proliferator-activated receptor gamma (PPARγ) messenger RNA (mRNA) levels and transcriptional activity. A, Human pulmonary artery smooth muscle cells (HPASMCs) were exposed to hypoxia or normoxia for 72 hours and treated with tyrphostin A9 (TA9) during the final 24 hours of exposure. PPARγ mRNA levels were determined by quantitative real-time polymerase chain reaction. Levels of 18s ribosomal RNA in the same sample were used for normalization. Each bar represents mean ± SEM PPARγ/18s RNA, expressed as fold change versus control; n = 3. * P < 0.05 versus normoxia + vehicle. # P < 0.05 versus hypoxia + vehicle. B, HPASMCs were transfected with firefly luciferase vector containing 3 consensus PPARγ response elements, along with renilla luciferase vector to normalize for transfection efficiency. Cells were exposed to hypoxia or normoxia for 72 hours and treated with TA9 or vehicle during the final 24 hours of exposure. Passive cell lysates were analyzed for firefly luciferase activity. Each bar represents mean ± SEM firefly luciferase/renilla luciferase activity expressed as fold change versus control; n = 6. * P < 0.05 versus normoxia + TA9. # P < 0.05 versus hypoxia + TA9. monary vascular cell proliferation, our group has recently reported on two factors that play a critical role in pulmonary vascular cell proliferation and PH: (1) generation of reactive oxygen species (ROSs) by Nox4 and (2) downregulation of the transcription factor PPARγ. PPARγ plays an important role in the regulation of metabolism, inflammation, and cell proliferation, all basic cellular processes implicated in PH pathogenesis. While activation of PPARγ with synthetic thiazolidinedione ligands, such as rosiglitazone, attenuates experimental PH and pulmonary vascular cell dysfunction in rodent models of PH, 2,3,8-10,23 their clinical application in the treatment of type 2 diabetes has been associated with significant deleterious side effects. 25 Thus, a better definition of pathways involved in reductions in PPARγ in PH may identify novel therapeutic targets that inhibit or reverse reductions in PPARγ and proliferative pulmonary vascular wall cell phenotypes that mediate PH pathogenesis and PH. In this study, we identify the tyrosine kinase Pyk2 as an upstream signaling mediator of hypoxia-induced reductions in PPARγ expression.
We previously reported that 72 hours of hypoxia promotes HPASMC PPARγ downregulation and proliferation via activation of an ERK-NF-κB-Nox4 signaling axis. To further examine the role of Pyk2 in these established hypoxic HPASMC signaling pathways, we employed two strategies to inhibit Pyk2: treatment with the pharmacological inhibitor TA9 and siRNA-mediated Pyk2 knockdown. Hypoxia increases the intracellular Ca 2+ concentrations [26] [27] [28] that are required for Pyk2 activation, and hypoxic Pyk2 activation was recently reported in HPASMCs from 0.5 to 16 hours after the onset of hypoxia. 21 As demonstrated in Figure 2A , Pyk2 inhibition during the first 24 hours of hypoxic exposure attenuated HPASMC ERK 1/2 activation. Because ERK 1/2 activation plays an upstream role in mediating (1) hypoxic increases in NF-κB activity and Nox4 expression and (2) hypoxic reductions in PPARγ levels and activity, 12 we postulated that Pyk2 activation would play a critical role in these downstream signaling events. Our findings confirm that Pyk2 contributes to hypoxic HPASMC proliferation and that interventions to inhibit Pyk2, even if introduced after 48 hours of hypoxic exposure, can successfully attenuate HPASMC proliferation caused by hypoxic activation of a Pyk2-ERK 1/2-NF-κB-Nox4 signaling axis. Recent work by others also provided evidence that Pyk2 participates in stimulation of hypoxic PASMC migration. 21 The NF-κB subunits p65/p50 bind to the Nox4 promoter to cause hypoxia-induced Nox4 protein expression and Nox4-derived H 2 O 2 production. 16 In the present study, Pyk2 depletion reduced the hypoxic induction of Nox4 protein levels, emphasizing the importance of Pyk2 in NF-κB regulation and ROS production. These Figure 5 . Peroxisome proliferator-activated receptor gamma (PPARγ) negatively regulates proline-rich tyrosine kinase 2 (Pyk2) in human pulmonary artery smooth muscle cells (HPASMCs). A, HPASMCs were transfected with control small interfering RNA (si-Con) or PPARγ small interfering RNA (si-PPARγ) for 72 hours. Cell lysates were analyzed for Pyk2 activation with an anti-phospho-(Tyr402)-Pyk2 antibody. Total Pyk2 levels were used for normalization. PPARγ levels were determined by Western blotting to verify depletion. n = 6. ** P < 0.01 versus si-Con. B, HPASMCs were transduced with adenovirus containing control vector (Ad-Con) or adenovirus containing PPARγ to a multiplicity of infection of 28. Cell lysates were immunoblotted for phospho-Pyk2 and total Pyk2. PPARγ levels were determined to verify its overexpression (PPARγ-OE). A lower exposure was taken to highlight the sharpness of the overexpressed PPARγ protein. n = 3. * P < 0.05 versus Ad-Con. In both panels, each bar represents the ratio phospho-Pyk2/total Pyk2, expressed as fold change versus control. GAPDH: glyceraldehyde 3-phosphate dehydrogenase. Figure 6 . Proline-rich tyrosine kinase 2 (Pyk2) promotes hypoxiainduced nuclear factor-kappa B (NF-κB) activation and reductions in peroxisome proliferator-activated receptor gamma (PPARγ) levels in human pulmonary artery endothelial cells (HPAECs). HPAECs were transfected with control siRNA (Con) or Pyk2 siRNA (Pyk2) and exposed to normoxia or hypoxia for 72 hours. A, Cell lysates were immunoblotted with an anti-phospho-(Ser536)-p65 antibody to determine NF-κB activation. Total p65 levels were used for normalization. Total Pyk2 levels were determined to verify depletion. Each bar represents the ratio phospho-p65/total p65, expressed as fold change versus control; n = 3. *** P < 0.001 versus Con + normoxia. ### P < 0.001 versus Con + hypoxia. B, Cell lysates were immunoblotted for PPARγ and normalized to GAPDH (glyceraldehyde 3-phosphate dehydrogenase) levels in the same sample. Each bar represents the ratio PPARγ/GAPDH, expressed as fold change versus control; n = 3. * P < 0.05 versus Con + normoxia. ### P < 0.05 versus Con + hypoxia. siRNA: small interfering RNA.
findings are consistent with previous reports that Pyk2 regulates hypoxia-induced generation of ROSs in HPASMCs. 21 Given that Nox4 is a major source of hypoxia-induced H 2 O 2 in vascular wall cells 16 and the recently reported role of Pyk2 in mediating mitochondrial ROS generation via activation of the mitochondrial Ca 2+ uniporter, 29 our observations reinforce the crucial role of Pyk2 in hypoxia-induced ROS generation in HPASMCs.
Our study demonstrates a novel role for Pyk2 in mediating hypoxic reductions in PPARγ levels and transcriptional activity. Our findings suggest that proximal Pyk2 activation stimulates the ERK 1/ 2-NF-κB-Nox4 signaling axis, which was previously shown to be sufficient to downregulate PPARγ. 12 While our current and previous findings have demonstrated that hypoxia stimulates transcriptional suppression of PPARγ, 12 posttranslational modifications of PPARγ may also contribute to alterations in PPARγ activity. Phosphorylation at Ser112 inhibits PPARγ transcriptional activity, [30] [31] [32] and PPARγ phosphorylation by ERK 1/2 promotes its ubiquitination and proteosomal degradation. 33, 34 Pyk2 may therefore recruit ERK 1/2 or other MAP kinases to mediate reductions in PPARγ transcriptional activity via these posttranslational modifications.
An important aspect of hypoxia-induced pulmonary vascular remodeling is the existence of feed-forward signaling cascades mediated by Nox4-derived H 2 O 2 . 12 Hypoxia-induced increases in Nox4-derived H 2 O 2 were required for reductions in HPASMC PPARγ. 12 Further, siRNA-induced reductions in HPASMC PPARγ levels under normoxic conditions were sufficient to activate the ERK 1/2-NF-κB-Nox4-H 2 O 2 signaling axis and cause HPASMC proliferation. 22 Our results here provide novel evidence that loss of PPARγ promotes Pyk2 activation, whereas PPARγ overexpression inhibits Pyk2 activation. Coupled with evidence that adenoviral PPARγ overexpression attenuates hypoxic HPASMC proliferation (K. M. Bijli, B.-Y. Kang, R. L. Sutliff, and C. M. Hart, unpublished observations), these findings support a mutually repressive relationship between Pyk2 and PPARγ and suggest that hypoxic reductions in PPARγ may contribute to sustained Pyk2 activation during chronic hypoxia exposure.
In models of acute inflammation, Pyk2 promotes endothelial dysfunction via NF-κB activation following inflammatory stimuli such as endotoxin or thrombin. 17, 18 Chronic hypoxia causes endothelial dysfunction via expression of the vasoproliferative mediator endothelin 1 (an NF-κB and HIF-1α target gene) and via reduction in PPARγ levels through upregulation of microRNA-27a. 26 Similar to observations in HPASMCs, our study further demonstrates that Pyk2 serves as an important upstream regulator of hypoxia-induced NF-κB activation and PPARγ reductions in HPAECs (Fig. 6 ). Taken together, these findings emphasize that Pyk2 plays an important role in hypoxia-induced signaling events in pulmonary vascular wall cells.
In conclusion, our findings demonstrate that Pyk2 activation plays a central role in the proliferative responses of pulmonary vascular wall cells to hypoxia. They illustrate that Pyk2 regulates NF-κB and PPARγ in both HPASMCs and HPAECs to promote proliferative phenotypes in response to hypoxia. These findings are consistent with and extend recent evidence that hypoxia-induced PH was attenuated in Pyk2 knockout mice. 21 Figure 7 summarizes the regulatory function of Pyk2 in promoting hypoxia-induced HPASMC proliferation. Taken together, the findings from this study, in concert with recent reports, 21 demonstrate that Pyk2 activation plays a critical upstream role in the complex signaling mechanisms involved in hypoxia-induced pulmonary vascular cell proliferation and PH. These results further implicate Pyk2 as a novel therapeutic target in PH.
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